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Abstract 
  The catalytic center for photosynthetic water-splitting consists of 4 Mn atoms and 1 
Ca atom and is located near the lumenal surface of photosystem II. So far the structure 
of the Mn4Ca-cluster has been studied by a variety of techniques including X-ray 
spectroscopy and diffraction, and various structural models have been proposed. 
However, its exact structure is still unknown due to the limited resolution of crystal 
structures of PSII achieved so far, as well as possible radiation damages that might have 
occurred. Very recently, we have succeeded in solving the structure of photosystem II at 
1.9 Å, which yielded a detailed picture of the Mn4CaO5-cluster for the first time. In the 
high resolution structure, the Mn4CaO5-cluster is arranged in a distorted chair form, 
with a cubane-like structure formed by 3 Mn and 1 Ca, 4 oxygen atoms as the distorted 
base of the chair, and 1 Mn and 1 oxygen atom outside of the cubane as the back of the 
chair.   In addition, 4 water molecules were associated with the cluster, among which, 
2 are associated with the terminal Mn atom and 2 are associated with the Ca atom. 
Some of these water molecules may therefore serve as the substrates for water-splitting. 
The high resolution structure of the catalytic center provided a solid basis for 
elucidation of the mechanism of photosynthetic water splitting. We review here the 
structural features of the Mn4CaO5-cluster analyzed at 1.9 Å resolution, and compare 
them with the structures reported previously.  
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Introduction 
Photosystem II (PSII) catalyzes photo-induced water oxidation leading to the 
production of protons and molecular oxygen, the latter of which is indispensable for 
sustaining oxygenic life on the earth. Cyanobacterial PSII is composed of 17 
membrane-spanning subunits and 3 peripheral, membrane-extrinsic subunits with a total 
molecular weight of 350 kDa [1,2]. The catalytic center for water oxidation is a 
Mn4Ca-cluster containing 4 Mn atoms and 1 Ca atom located in the lumenal surface of 
the thylakoid membrane, which cycles through the Si-states (i=0-4) [3,4] upon 
abstraction of electrons by the PSII reaction center (RC) (for a review, see 5). In the last 
decade, the structure of PSII has been solved by 3 groups independently at resolutions 
ranging from 2.9 -3.8 Å, from two closely related thermophilic cyanobacteria 
Thermosynechococcus elongatus [6-9] and T. vulcanus [10-12]. These structural studies 
identified the location of all of the protein subunits, as well as the location and 
arrangement of most of the cofactors, and provided the basis for further elucidation of 
the mechanisms of energy absorption and migration, electron transfer, and water 
oxidation reactions taking place within PSII. The resolutions achieved so far, however, 
were not high enough to allow a detailed determination of the precise structure of the 
Mn4Ca-cluster that constitutes the catalytic center of the oxygen-evolving complex 
(OEC), as well as some of the amino acid side chains and cofactors. In addition, the 
Mn4Ca-cluster suffered from X-ray radiation damage during collection of the X-ray 
diffraction data [13,14]. Thus, there were some differences in the geometric 
arrangement as well as their ligation pattern of the Mn4Ca-cluster in the structures 
reported so far [6-11,15-20], and virtually no bridging oxygen between the metal atoms 
has been observed experimentally by X-ray crystallography. Furthermore, no water 
molecules, which are important as substrates and ligands of the Mn4Ca-cluster, have 
been located clearly in the structures reported so far. 
In order to uncover the mechanism of light-induced water oxidation, it is essential to 
solve the detailed structure of the Mn4Ca-cluster, as well as to locate the water 
molecules that may serve as the substrate for the reaction. In order to achieve this goal, 
we screened the crystallization conditions for PSII dimers purified from T. vulcanus 
extensively, and optimized the conditions for post-crystallization treatments and crystal 
harvesting. As a result, we succeeded in improving the crystal resolution to 1.9 Å [21], a 
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resolution significantly higher than those reported previously. In order to reduce the 
possible X-ray radiation damage, we employed a sliding-oscillation method to reduce 
the X-ray dose illuminated on a unit volume of a crystal. This gave rise to a low dose 
data set which was processed to a resolution of 1.9 Å. The electron density map 
calculated based on this data set showed well defined shapes for each of the metal atoms 
in the Mn4Ca-cluster, which were well separated from each other, allowing an 
unambiguous determination of the locations of all of the metal atoms [21]. The 
crystallographic B factors for each of the metal atoms ranged from 22.8-28.6 Å2, and 
were lower than the average B factor of 35.2 Å2 for the whole PSII dimer structure at 
1.9 Å resolution [21]. This suggests that no significant radiation damage had occurred 
with the Mn4Ca cluster during our experiment. In the following, we describe the 
detailed structure of the Mn4Ca-cluster, and compare it with the previous structures. 
 
Locations of the metal ions in the Mn4Ca-cluster 
In the electron density map reported so far, the 5 metal ions of the Mn4Ca-cluster 
were not separated, leading to a ball-like shape of the electron density for the whole 5 
metal ions [6-11]. This makes the precise identification of positions of the individual 
atoms impossible based solely on the X-ray diffraction results. Thus, the structural 
model of the metal cluster was built partially based on the distance information derived 
from EXAFS studies [15, 22-25] with the optimization from theoretical calculations 
[16-20]. However, it is difficult to assign a specific distance to a certain pair of the metal 
ions. In the 1.9 Å resolution map obtained (Fig. 1A), the electron densities for the 
individual metal ions were clearly separated, allowing an unambiguous identification of 
each of the metal atoms [21]. Furthermore, the electron density for the Ca atom was 
lower than the 4 Mn atoms, allowing us to distinguish between the Ca and Mn atoms. 
The lower electron density is most likely due to the lower number of electrons of the Ca 
atom than that of the Mn atoms (The atomic number of Ca is 20 and that of Mn is 25. 
Assuming Ca is in a Ca2+ state and Mn in Mn3+ or Mn4+ states, the number of electrons 
of the Ca ion is 18, and the number of electrons of the Mn ions is 21-22.).  
Based on the locations of the 5 metal ions determined at 1.9 Å resolution, the 
distances between each pair of Mn-Mn and Mn-Ca atoms could be determined, which is 
shown in Fig. 1B [21]. There were 3 short distances between 3 Mn-Mn pairs, which are 
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2.8 Å of Mn1-Mn2, 2.9 Å of Mn2-Mn3, and 3.0 Å of Mn3-Mn4. These are slightly 
longer than the 3 short distances reported from EXAFS studies. However, if we consider 
that there is an error of 0.16 Å in the distances of the X-ray structure [21], we can 
consider that the 3 short distances determined at 1.9 Å resolution are very similar to 
those reported from the EXAFS studies [15,22-25]. The shortest distances between 
Ca-Mn are two 3.4 Å and one 3.5 Å; these are also similar to the short distance of 
3.3-3.4 Å for Ca-Mn reported from the EXAFS studies, although in the EXAFS studies 
the exact number of the short distances between the Ca-Mn atoms were difficult to be 
determined [26-27].  
The positions of the 5 metal ions determined at 1.9 Å resolution were compared with 
those reported at 3.5 Å resolution by Barber and his co-workers [7] and at 2.9 Å 
resolution by Zouni and co-workers [9]. As can be seen in Fig. 1C, the positions of the 4 
Mn atoms determined by Zouni et al. at 2.9 Å resolution are rather similar to those 
determined at the 1.9 Å resolution. A slightly large difference was found in the position 
of the Ca atom between the two structures, leading to a rather large difference in the 
distance between Ca and Mn atoms (Table 1). On the other hand, rather large 
differences were found in the positions of all of the 5 metal atoms between the 
structures determined at 3.5 Å and 1.9 Å resolutions, leading to large differences in the 
distances among the metal ions (Table 1). 
 
Overall structure of the Mn4CaO5-cluster 
Various lines of evidence have suggested the existence of mono- and 
di-μ-oxo-bridges linking the metal ions in the Mn4Ca-cluster of OEC. However, the 
exact number and positions of the oxygen atoms were not known. In the 3.5 Å structure, 
4 oxygen atoms were tentatively assigned in the Mn4Ca-cluster [7], largely based on    
the requirement to link the metal ions, as the oxygen atoms are difficult to be 
distinguished from the electron density map at this resolution. Thus, in the 2.9 Å 
structure, no oxygen atoms were placed in the metal cluster [9]. In the 1.9 Å resolution 
structure, 5 oxygen atoms were identified to bridge the 5 metal ions for the first time, 
based on their omit map [21]. This yields a Mn4CaO5-cluster, as shown in Fig. 2A.  
The overall shape of the Mn4CaO5-cluster revealed from the 1.9 Å structure 
resembles the shape of a distorted chair, with a distorted seat base formed by 3 Mn, 1 Ca, 
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and 4 oxygen atoms, and the back of the chair formed by the isolated 4th Mn and 1 
oxygen atom. The distortion in the chair form is caused by the differences in the bond 
distances between Mn-O and Ca-O: While most of the Mn-O distances are within the 
range of 1.9-2.1 Å, the distances between 3 Mn atoms (Mn1, Mn3, Mn4) and one 
oxygen atom (O5) are in the range of 2.4-2.6 Å, which is significantly longer than the 
other, normal Mn-O distances. On the other hand, the Ca-O bond distances are in the 
range of 2.3-2.5 Å, which are longer than the normal Mn-O distances but comparable to 
that of Mn-O5 distances. The seat base of the structure thus showed a shape of distorted 
cubane-type, which has been suggested previously but the exact positions of each atoms 
could be determined only in the high resolution structure. 
In addition to the 5 oxygen atoms, 4 water molecules were found to be associated 
with the Mn4CaO5-cluster [21]. Two of them are associated with Mn4 (W1, W2), 
whereas the other 2 are associated with the Ca atom (W3, W4) (Fig. 2A). The distances 
between the 2 water molecules and Mn4 are 2.1-2.2 Å, whereas those between water 
and Ca are 2.4-2.5 Å. No other water molecules were found to be associated with the 
other 3 Mn atoms, suggesting that at least one of the 4 water molecules serves as the 
substrates for water-oxidation. In relation to this, it is worth to mention that at least one 
of the substrate waters is bound already in the S1-state [28, 29].  
Among the 4 water molecules bound to the Mn4CaO5-cluster, W4 is directly 
hydrogen-bonded to YZ, the D1-Y161 residue mediating electron transfer between the 
PSII RC and the Mn4CaO5-cluster (Fig. 2B) [21]. W1-W3 are hydrogen-bonded to YZ 
indirectly through other 3 water molecules W5-W7. Notably, the distance between W7 
and YZ is 2.6 Å, suggesting that it is a strong (low-barrier) hydrogen-bond. YZ is further 
hydrogen-bonded to D1-H190 with a short distance of 2.5 Å. The hydrogen-bond 
network further extends to D1-N298, and to the lumenal bulk phase through a number 
of water molecules and several hydrophilic or charged residues (not shown, see [21]). 
This strongly suggests the presence of a proton-coupled electron transfer (PCET) 
through YZ, in agreement with a number of previous reports suggesting the possible 
existence of this pathway [30-34].      
The overall shape of the Mn4CaO5-cluster, the differences in the bond distances 
between different pairs of Mn-O, and between the pairs of Mn-O and Ca-O, and the 
water molecules found as ligands for the cluster, may have important consequences for 
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the mechanism of water oxidation and O-O bond formation. First of all, the presence of 
the Ca atom in the distorted cubane makes the OEC cubane-structure unique since so far 
only a symmetric 4 Mn cubane structure as well as a two-cubane structure formed by 
two 4-Mn cubanes, has been reported [35-37]. These structures have a shape of regular 
cubane, and are considered inactive or having low activity in catalyzing water-oxidation. 
The inclusion of Ca in the OEC resulted in a distorted cubane structure, which may 
constitute one of the reasons for the catalytic activity of OEC. Another significant 
feature of the Mn4CaO5-cluster structure is the remarkably longer bond distances 
between O5 and metal ions compared to those between other oxygen atoms and metal 
ions. This suggests a weak bonding of O5 within the cluster, implying a higher 
reactivity of this oxygen atom. Interestingly, 2 water molecules, W2 and W3, bound to 
Mn4 and Ca respectively, are within hydrogen-bond distances of O5 (Fig 2A). These 
results strongly suggest that 2 of the 3 species, W2, W3 and O5, provide the substrates 
for O-O bond formation during the water oxidation reaction.      
 
Ligands for the Mn4CaO5-cluster 
Previous studies have assigned most of the ligands for the Mn4CaO5-cluster [7-10]. 
Due to the limitations in resolution as well as the possible radiation damages, however, 
ambiguities existed regarding the exact ligand structure of the metal cluster, and the 
bond distances between the metal ions and their ligands were not determined accurately. 
Significant differences were also found in the ligation pattern between the 3.5 Å [7] and 
the 3.0 Å and 2.9 Å [8, 9] structures. While most of the carboxylate ligands served as 
mono-dentate ligands in the former structure, most of them were assigned as bi-dentate 
ligands in the latter structure. In the 1.9 Å structure, it is possible to assign all of the 
amino acid ligands to the Mn4CaO5-cluster unambiguously [21]. As shown in Fig. 3A, 
in total there are 6 carboxylate ligands and 1 His ligand; they are D1-D170, D1-E189, 
D1-E333, D1-D342, D1-A344, CP43-E354, and D1-H332. Among them, D1-D170, 
D1-E333, D1-D342, D1-A344, and CP43-E354 served as bi-dentate ligands, whereas 
D1-E189 and D1-His332 served as mono-dentate ligands. These amino acid ligands, 
combined with the oxo-bridges and water ligands, give rise to a saturating ligand 
environment for the metal cluster. As shown in Table 2, it became clear that there are 6 
ligands for each of the 4 Mn atoms, and 7 ligands for the Ca atom [21]. 
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Comparing with the ligation pattern reported in the 2.9 Å structure, two significant 
differences were found. One is regarding D1-E189, which was reported to serve as a 
possible bi-dentate ligand to Mn1 and Ca in the 2.9 Å structure, whereas it is assigned 
as a mono-dentate ligand to Mn1 in the 1.9 Å structure. One of the oxygen atoms of its 
carboxylate group has a distance of 3.3 Å to the Ca atom and thus is impossible to ligate 
to the Ca atom in the 1.9 Å structure. Another difference is regarding D1-D170, which 
was reported as a mono-dentate ligand to Mn4 with a distance of 2.4 Å, and the other 
oxygen of its carboxylate group has a distance of 2.9 Å to the Ca atom and therefore is 
considered to be not possible to ligate to the Ca atom in the 2.9 Å structure. In the 1.9 Å 
structure, while the bond distance of one oxygen of the D1-D170 carboxylate group to 
Mn4 is decreased to 2.1 Å, the other oxygen of the carboxylate group has a distance of 
2.4 Å and therefore becomes to be ligated to the Ca atom. In addition to these major 
differences, the bond distances of each ligand to the metal ions were slightly different 
between the 2.9 Å and 1.9 Å structures, which were summarized in Table 3. 
 
The structure and possible roles of 3 residues in the second coordination sphere of 
the metal cluster 
In addition to the direct ligands to the Mn4CaO5-cluster described above, 3 residues 
were found to be located in the second coordination sphere of the cluster and may have 
direct interactions with the metal cluster. These 3 residues are D1-D61, D1-H337, and 
CP43-R357 (Fig. 4). Among these 3 residues, the imidazole ε-nitrogen of D1-H337 is 
hydrogen-bonded to O3 directly. One of the guanidinium η-nitrogen of CP43-R357 is 
hydrogen-bonded to both O2 and O4. These two residues may thus provide partial 
positive charges to compensate for some of the negative charges brought about by the 
oxo-bridges and carboxylate ligands of the metal cluster, thereby stabilizing the 
structure of the cluster. In other words, in the absence of these residues, some of the 
oxo-bridges may be unstable and collapsed due to attraction by the strong positive 
charges provided by the 5 metal ions. In addition, the other guanidinium η-nitrogen of 
CP43-R357 is hydrogen-bonded to both D1-D170 and D1-A344. One of the carboxylate 
oxygen of D1-D61 is directly hydrogen-bonded to W1, one of the water molecule bound 
to Mn4, and the other carboxylate oxygen of D1-D61 is hydrogen-bonded to W2 
indirectly through two other water molecules W8 and W9 (Fig. 4). These 
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hydrogen-bonds may also be important for the stabilization of the metal cluster. These 
results are consistent with a variety of reports showing the importance of the above 3 
residues in maintaining the oxygen-evolving activity based on mutagenesis and 
functional studies [38-42]. 
 
Binding sites of Cl- ions 
Previous studies have identified two Cl--binding sites in the vicinity of the 
Mn4CaO5-cluster from the structural studies of Br- and I--substituted PSII [11,43]. Only 
one of these 2 sites, however, was visible in native PSII in the 2.9 Å structure [9], and it 
has been questioned whether both sites represented the native binding sites of Cl- ions in 
PSII [44], as they are located 6-7 Å away from the Mn4CaO5-cluster. More importantly, 
while the Cl-1 binding site is surrounded by a positively charged residue D1-K317, no 
such residues have been found in the vicinity of the Cl-2 binding site, which was 
surrounded by hydrophilic residues with rather long distances [11,43]. This suggested 
that even if the Cl-2 binding site is indeed a site for Cl-binding, the binding of the anion 
in this site must be weak in native PSII, leading to the inability of observation of this 
site in the native structure at 2.9 Å resolution. In addition, there were some postulations 
that Cl- may provide a direct ligand to the Mn4CaO5-cluster, as removal of Cl- ions 
showed a remarkable effect on the activity of oxygen evolution as well as the properties 
of the metal cluster [45,46].         
In the newly solved 1.9 Å structure, the two Cl-binding sites were clearly visible in 
the electron density map [21], which are located in the similar positions as those 
reported previously [11,43]. They were also confirmed by the anomalous 
difference-Fourier map taken at a wavelength of 1.75 Å, where Cl- ions have a larger 
contribution than the "light atoms" constituting the amino acids. The anomalous 
difference-Fourier map also showed that there were no other Cl- ions in the first 
coordination sphere of the Mn4CaO5-cluster, thereby excludes the possibility for Cl- 
being a direct ligand to the metal ions in the OEC. This is in agreement with the above 
results that all of the 5 metal ions in the OEC have their valences saturated with ligands 
provided by oxo-bridges, amino acid residues, and water molecules, and do not need 
any additional ligands. 
From the high resolution structure, the Cl-1 binding site is located 6.7 Å from Mn4, 
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and Cl-2 is located 7.4 Å away from Mn2 (Fig. 5). Both Cl- ions are surrounded by 4 
groups respectively. The only charged residue found among these groups is D2-K317, 
which has a distance of 3.3 Å to Cl-1 (Fig. 5). All other groups are either water or 
hydrophilic groups, and their distances to the two Cl-binding sites are rather long, 
suggesting that the 2 Cl- ions are predominately bound by hydrogen-bonds. This 
structural feature suggests that binding of the two Cl- ions in PSII is rather weak, in 
agreement with a variety of experimental results showing that Cl- ions in PSII can be 
easily released by various treatments, resulting in the inactivation of oxygen evolution, 
and a simple addition of Cl- ions into the medium results in the re-binding of Cl- to PSII 
and the recovery of oxygen evolution (for reviews, see [45,46]).  
In addition to D2-K317, the groups surrounding Cl-1 are the backbone nitrogen of 
D1-E333 and two water molecules. The 4 groups surrounding Cl-2 are backbone 
nitrogens of D1-N338 and CP43-E354, and 2 water molecules (Fig. 5). Thus, both 
Cl--binding sites have a similar coordinating environment; namely, among the 4 groups 
surrounding each of the 2 Cl--binding sites, 2 are water molecules and 2 are provided by 
amino acid residues. In particular, both D1-E333 and CP43-E354 have their side chain 
carboxylates coordinated to the Mn4CaO5-cluster as bi-dentate ligands, and their 
backbone nitrogen are associated with the two Cl- ions. The two Cl- ions may therefore 
function to maintain the structure of these two residues required for their stable binding 
to the Mn4CaO5-cluster. Release of these Cl- ions may affect the stable coordination of 
these two residues to the Mn4CaO5-cluster, thereby resulting in an inactivation of 
oxygen evolution. Alternatively, the two Cl- ions are located in the entrance of two 
possible proton exit paths where extensive hydrogen-bond networks existed starting 
from the Mn4CaO5-cluster to the lumenal bulk phase [7,9,21,47-50]. These suggest that 
the two Cl- ions may also function in maintaining the proton exit pathways.      
 
Additional Ca2+ and Cl- binding sites 
In addition to the 1 Ca atom present within the Mn4CaO5-cluster and 2 Cl- ions found 
in the vicinity of the cluster, there are 3 additional Ca2+ and 1 additional Cl- ions found 
in the high resolution structure (Fig. 6). These additional Ca2+ and Cl- ions were 
confirmed by the anomalous difference-Fourier map taken at a wavelength of 1.75 Å. In 
addition, 1 additional Ca2+ was found in monomer B but not in monomer A, so we will 
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discuss the 3 Ca2+-binding sites commonly found in both monomers in the following. 
The 3 additional Ca2+ ions are all located in the lumenal side of PSII. One of them, 
Ca-1, is located in the surface of the β-barrel structure of PsbO toward the lumenal side, 
and has a distance of around 45 Å to the Mn4CaO5-cluster (Fig. 7A). This Ca2+ is 
coordinated by 7 groups; they are PsbO-N200, PsbO-Val201, PsbO-T138, and 4 water 
molecules. The location of this Ca2+ is different from the one reported previously [9,51], 
which was located in the region of PsbO toward the lumenal membrane surface and 
therefore is more close to the Mn4CaO5-cluster. In the high resolution density map, this 
Ca2+ was not found; instead, there is a water molecule in its vicinity which had a rather 
weak electron density without corresponding anomalous difference-Fourier signals (not 
shown).   
The second Ca2+ is close to the lumenal surface and has a distance of around 40 Å to 
the Mn4CaO5-cluster. It has 7 ligands provided by PsbF-R45, a glycerol molecule 
serving as a bi-dentate ligand, and 4 water molecules. The presence of the glycerol 
molecule may be due to the inclusion of glycerol in the cryo-protectant solution, leading 
to the incorporation of this molecule into the crystal structure. Since glycerol is a 
hydrophilic molecule, we can assume that in native PSII, the position of glycerol is 
occupied by water molecules. Thus, Ca-2 may be associated with PSII rather weakly, as 
6 out of its 7 ligands are occupied by water molecules in native PSII. A further weaker 
binding is found for Ca-3, which has only 4 ligands, among which, only 1 is provided 
by an amino acid (CP47-N438) and the other 3 are provided by water molecules. It has 
a distance of around 36 Å to the Mn4CaO5-cluster.      
All of the above 3 Ca2+-binding sites are located rather in the surface or periphery of 
the individual protein subunits, raising the question on whether these Ca2+-binding sites 
represent the physiologically functional sites. Since Ca2+ is present in the crystallization 
solution [21,52], it is possible that they are incorporated into the complex during 
crystallization. A clear answer as to whether these Ca2+-binding sites are physiologically 
functional may be obtained by examining the functional importance of the amino acid 
residues surrounding these Ca2+-binding sites.   
Different from the Ca2+-binding sites, only 1 Cl--binding site (Cl-3) was found in 
addition to the 2 Cl--binding sites located in the vicinity of the Mn4CaO5-cluster, based 
on the anomalous difference Fourier-map taken at the 1.75 Å wavelength. Cl-3 was 
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located in the vicinity of PsbV and PsbU, and was surrounded by 6 water molecules in a 
position close to PsbU-K104, the C-terminal residue of PsbU (Fig. 8A). The fact that 
Cl-3 is supported only by water molecules suggests that its binding to this site is rather 
weak. It has a distance of around 25 Å to the Mn4CaO5-cluster. Interestingly, Cl-3 is 
located in the exit of a hydrogen-bond network from the Mn4CaO5-cluster to the 
lumenal surface (Fig. 8B), suggesting that this pathway may serve as one of anion 
supply pathways, or substrate-water inlet / proton exit pathways. The existence of this 
channel as possible water-inlet or proton-exit pathways has been suggested previously 
[49, 50].  
The location of Cl-3 between PsbU and PsbV, in particular in the close vicinity to the 
C-terminus of the PsbU subunit, may suggest a physiological role of this site in oxygen 
evolution, since the relationship between Cl- ions and extrinsic proteins has been well 
reported [53,54]. The growth rate of both psbU or psbV mutant from Synechocystis sp. 
PCC 6803 has been shown to be lower than that of the wild type strain in the absence of 
Ca2+ or Cl−, suggesting a role of both PsbU and PsbV in maintaining the optimum ion 
(Ca2+ and Cl−) environment required for oxygen evolution [55-57].   
 
In conclusion, the high resolution structure of oxygen-evolving photosystem II 
analyzed at 1.9 Å resolution revealed for the first time the exact structure of the 
Mn4CaO5-cluster in which 5 oxygen atoms were found to serve as oxo-bridges linking 
the 5 metal ions. The overall shape of the metal cluster resembles a distorted chair, with 
a cubane-like chair base formed by 3 Mn, 1 Ca, and 4 oxygen atoms, and a chair back 
formed by a terminal Mn and an oxygen atom. Four water molecules were associated 
with the Mn4CaO5-cluster, 2 of them were associated with the terminal Mn atom and the 
other 2 were associated with the Ca atom. Thus, part of these 4 water molecules may 
serve as the substrate for water oxidation. All of these 4 water molecules were 
hydrogen-bonded either directly or indirectly to YZ, which connected to a 
hydrogen-bond network toward the lumenal bulk phase, suggesting a role of 
proton-coupled electron transfer in delivering the protons out of the reaction site. All of 
the ligands for the 5 metal ions were identified, some of which were found to have 
different ligation patterns than those reported previously. These structural features 
provide the basis for elucidation of the mechanisms of the water-oxidation and O-O 
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bond formation reaction catalyzed by PSII, one of the most important chemical 
reactions taking place on the earth.    
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Table 1. Comparison of the Mn-Mn and Mn-Ca distances 
between the present and previous structures (Å). The distances 
from the 3 structures were taken from the average values of the 
two monomers within a dimer. 
Structures        1.9 Å         Berlin        London 
(pdb, ref)     (3ARC, 15)   (3BZ1, 3BZ2, 8)   (1S5L, 6) 
Mn1-Mn2   2.8    2.7    2.7 
Mn2-Mn3   2.9    2.8    2.7 
Mn3-Mn4   3.0    3.2    3.3 
Mn1-Mn3   3.3    3.2    2.7 
Mn1-Mn4   5.0    5.3    5.1 
Mn2-Mn4   5.4    5.8    3.3 
Mn1-Ca    3.5    3.4    3.3 
Mn2-Ca    3.4    3.2    3.4 
Mn3-Ca    3.4    3.3    3.4 
Mn4-Ca    3.8    4.6    3.9 
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Table 2. Ligands of the Mn4CaO5-cluster determined at 1.9 Å resolution. 
Mn1 Mn2 Mn3 Mn4 Ca 
D1-Glu189 D1-Asp342 D1-Glu333 D1-Asp170 D1-Asp170 
D1-His332 D1-Ala344 CP43-Glu354 D1-Glu333 D1-Ala344 
D1-Asp342 CP43-Glu354 O2 O4 O1 
O1 O1 O3 O5 O2 
O3 O2 O4 W1 O5 
O5 O3 O5 W2 W3 
    W4 
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Table 3. Comparison of the ligand distances of the Mn4CaO5-cluster between the 1.9 
Å and 2.9 Å structures. The distances from the 1.9 Å structure are the average of two 
PSII monomers in the dimer. The variations between the two monomers were in the 
range of 0.1 Å. Values in italics represent the breakage of the bonds. 
 Distances (Å)  Distances (Å) 
 1.9 Å 2.9 Å  1.9 Å 2.9 Å 
Mn1-D1/E189-OE2 1.9 1.8 Mn3-D1/E333-OE1 2.1 2.2 
Mn1-D1/H332-NE2 2.2 2.3 Mn3-CP43/E354-OE2 2.2 2.3 
Mn1-D1/D342-OD2 2.3 2.7 Mn4-D1/D170-OD2 2.1 2.5 
Mn2-D1/D342-OD1 2.2 2.3 Mn4-D1/E333-OE2 2.2 2.7 
Mn2-D1/A344-OXT 2.0 1.7 Ca-D1/D170-OD1 2.4 2.9 
Mn2-CP43/E354-OE1 2.2 2.6 Ca-D1/A344-O 2.6 2.5 
   Ca-D1/E189-OE2 3.3 2.5 
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Figure legends 
 
Fig. 1. Positions of the metal ions in the Mn4CaO5-cluster determined at 1.9 Å 
resolution. A. Electron density for each of the metal ions obtained from the 2Fo-Fc map 
contoured at 8.0 σ. B. Distances (Å) between each pair of Mn-Mn and Mn-Ca 
determined from the 1.9 Å structure. C. Comparison of the positions of the metal ions 
between the 1.9 Å, 2.9 Å (Berlin), and 3.5 Å (London) structures. The Mn atoms from 
the Berlin structure were shown as crosses in purple, and the Ca atom was shown as a 
cross in yellow, whereas the Mn atoms from the London structure was shown as cyan 
crosses and the Ca atom as green atom. 
 
Fig. 2.  Structure of the Mn4CaO5-cluster determined at 1.9 Å resolution. A. Structure 
of the metal cluster with oxo-bridges and water ligands. The bond distances were shown 
in Å. Hydrogen bonds were depicted as dashed lines. B. Hydrogen-bond network 
linking the Mn4CaO5-cluster and YZ, and further from YZ to the opposite side. 
 
Fig. 3.  Ligand structure of the Mn4CaO5-cluster. A. Ligand structure of the metal 
cluster determined at 1.9 Å resolution. Residues from D1 were colored in green, and 
that from CP43 was colored in cyan. B. Comparison of the ligand structure between the 
1.9 Å and 2.9 Å structure. The 4 Mn atoms from the 2.9 Å structure were depicted as 
purple crosses, and the Ca atom as yellow cross. The color of the amino acids from the 
1.9 Å structure were the same as in A, whereas those of D1 from the 2.9 Å structure 
were depicted in blue, and that of CP43 in dark salmon. Bond distances for D1-D170 
and D1-E189 to the metal ions from the 2.9 Å structure were shown.  
 
Fig. 4.  Structure of three residues located in the second coordination sphere of the 
Mn4CaO5-cluster. The three residues D1-D61, D1-H337, and CP43-R357 are depicted 
in bold sticks. Hydrogen-bond distances are depicted in Å. 
 
Fig. 5.  Structure of the two Cl--binding sites in the vicinity of the Mn4CaO5-cluster. 
Hydrogen-bond distances are depicted in Å. 
 
Fig. 6.  Additional Ca2+ and Cl- binding sites found in the 1.9 Å resolution structure. 
The PSII monomer was shown as a cartoon model from which, the pigment and other 
cofactors were omitted.  
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Fig. 7.  Detailed structure of the 3 additional Ca2+-binding sites. A. Ca-1 binding site 
coordinated by PsbO and water molecules. B. Ca-2 binding site coordinated by PsbF 
and a glycerol (GOL) molecule, and 4 water molecules. The color codes for the protein 
subunits are as follows: pink, PsbF; yellow orange, PsbV; and green, PsbC. C. Ca-3 
binding site coordinated by PsbB and 3 water molecules. PsbB was shown as orange, 
and PsbO was shown as light blue. 
 
Fig. 8.  Detailed structure of the Cl-3 binding site. A. Coordination environment of the 
Cl-3. Color codes for the protein subunits are as follows: pink, PsbU; dark yellow, 
PsvV;  orange, CP47; and blue, D2.  B. A hydrogen-bond network connecting the 
Mn4CaO5-cluster and Cl-3. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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